A new insecticide bioassay for assessing the effects of acute insecticide toxicity on lotic insects was developed. It uses first-instar larvae of a net-spinning caddisfly, Cheumatopsyche brevilineata. The test method was suitable for 30 insecticides with a range of action mechanisms. Caddisfly larvae were much more sensitive than daphnids to neonicotinoids. The new bioassay is thus a useful and reliable method for assessing the impact of chemicals such as neonicotinoids, whose risks for lotic insects might be underestimated by the daphnid bioassay.
Introduction
Pesticide runoff from non-point sources into bodies of water cannot be completely controlled despite recent attempts to reduce non-point-source agricultural pollution. 1) Some of the pesticides used on agricultural land run into lotic environments, posing a potential risk to lotic organisms. In river ecosystems, lotic insects are important primary or secondary consumers, and thus could be sensitive to insecticide pollution. In Japan, many insecticides have been detected in river water over periods of several months at levels harmful to aquatic invertebrates. 2, 3) Several crustaceans and lentic insects 4) that can be continuously reared under laboratory conditions are currently substituted for lotic insects as test organisms to assess pollutant impacts on lotic ecosystems, but concern remains about whether they are appropriate substitutes. The development of a new bioassay method using lotic insects as additional test species is thus important. A reliable laboratory bioassay using a lotic insect would permit more valuable ecological risk assessments of insecticides; however, there are technical difficulties in continuous breeding of lotic insects such as stoneflies, mayflies, and caddisflies under laboratory conditions. Only a few bioassay test strains of these lotic insects have been established so far. [5] [6] [7] Net-spinning hydropsychid caddisflies, including the genus Cheumatopsyche, are among the most important invertebrate groups in lotic environments around the world because of their abundance and large biomass. 8, 9) Their larvae construct fixed silken nets that capture food items such as drifting algae and organic particles. Filter-feeding insects, including hydropsychids, thus constitute important pathways for energy and material flow, and are very important in determining the productivity of lotic environments. 10) Cheumatopsyche brevilineata (Iwata, 1927 ) is distributed throughout the eastern Palearctic region, which consists of China, Korea, and Japan, where rice has traditionally been an important food source. The caddisfly dominates the aquatic fauna of irrigation canals, streams, and rivers in Japan. 11, 12) Given the overlap between this habitat and rice cultivation, it is ecologically meaningful to use the caddisfly as a test organism for assessing the impact of paddy pesticides on lotic environments.
The purposes of the present study were to develop a new bioassay method that uses first-instar larvae of C. brevilineata and to determine the sensitivity of the caddisfly to a range of insecticides. On the basis of our results, we discuss the validity of using the caddisfly as a surrogate for other lotic insects by comparing its sensitivity to the tested pesticides with published data from Daphnia spp. and other aquatic insects, including lotic insects.
Materials and Methods

Test organism and culture conditions
We collected fifth-instar larvae of C. brevilineata from the headwaters of the Miyakawa River, which flows through the city of Yokohama, Japan, on 6 June 2006. The catchment of the river was covered by parks or urban areas, not by any agricultural land. Based on the surrounding land use, we assumed that the river had not previously experienced heavy exposure to pesticides. We used these larvae for serial laboratory culture. The larvae were reared in a constant-temperature room (20°C) with an 18-hr light/6-hr dark photoperiod. They were kept in an acrylic rearing container (10 cm tallϫ30 cm in diameter) with pebbles and fine glass beads on the bottom and dechlorinated tap water to a depth of 6 cm. The container was placed on a magnetic stirrer. The water was continuously stirred and aerated to improve survival of the larvae.
The larvae can be maintained by feeding with an artificial diet such as commercial fish food TetraFin ® (Tetra Werke, Melle, Germany). They were fed ad libitum every day with TetraFin powder. Water in the rearing container was replaced every 2 days to remove fecal material and the remaining food particles.
When mature larvae spun cocoons and pupated, the rearing container was transferred into an emergence cage (40Wϫ 40Dϫ25H cm) to prevent the escape of emerged adults. Adults in the cage were transferred into an oviposition aquarium (40ϫ25ϫ30 cm) filled with water to a depth of 10 cm. The top of the aquarium was covered with a screen (1-mm mesh size). Some square oviposition substrates (stone, brick, or polyvinyl-chloride blocks, ca. 5 cm on a side) were placed on the bottom of the aquarium. Females oviposited egg masses (200 to 300 eggs each) on the submerged substrates under lentic conditions. The substrates and attached egg masses were removed every day and placed in a new rearing container to provide the next generation or were used for our experiments. Hatching occurred about 12 days after oviposition at 20°C. First-instar larvae completed hatching within 24 hr. This approach made it possible to collect egg masses for toxicity experiments throughout the year. We conducted toxicity tests using larvae (collected less than 24 hr after hatching) from F 9 to F 12 generations of the laboratory culture.
Chemicals
We investigated the acute toxicity of 30 insecticides (Table 1) .
These insecticides fall into seven categories according to the IRAC Mode of Action Classification Scheme, Ver. 5.3.
13) Except for carbaryl, methomyl, XMC, permethrin, and acetamiprid, all insecticides are used in paddy fields in Japan. We prepared stock and serial dilutions of all insecticides in acetone, except for cartap hydrochloride and thiocyclam hydrogen oxalate, which we prepared in methanol. All chemicals were of analytical grade and were purchased from Wako Pure Chemical Ind., Ltd. (Osaka, Japan), Kanto Chemical Co., Inc. (Tokyo, Japan), and Hayashi Pure Chemical Ind., Ltd. (Osaka, Japan).
Acute toxicity tests
Glass vials (2.2 ml) were generally used as test vessels. Additionally, polystyrene 48-well dishes (2.0 ml/well) could also be used in tests of insecticides with an octanol-water partition coefficient (log Kow)Ͻ4.5 since our previous study showed no significant difference in acute toxicity results for these insecticides between tests using glass vials and polystyrene 48-well dishes (unpublished data). Range-finding tests were preliminarily conducted to determine the range of concentrations for the definitive test. In definitive tests, to prepare a geometric series of five to ten concentrations with separation factors of 1.1 to 1.3 in the test solutions, we added appropriate volumes of insecticide stock solution to dechlorinated tap water (hardness: ca. 70 mg/l as CaCO 3 , pH 7) that had been filtered through a membrane filter with 0.22-mm pores and then aerated. The final concentration of solvent in the test solution did not exceed 0.1% (v/v), the level at which no adverse effects were observed in the tested larvae (data not shown). The volume of the test solution was 2 ml in the glass vials or 1.5 ml in the wells.
Only actively swimming or crawling larvae (less than 24 hr after hatching) were chosen for the tests, and were placed individually into a test vial or well using a glass pipette. Twenty larvae were used at each concentration and for the control. To avoid trapping larvae at the water surface, we illuminated them continuously from beneath with white fluorescent light (ca. 4000 lux), because newly hatched larvae of the caddisfly swim toward light, as Hydropsyche cockerelli has been reported to do. 14) To investigate the effect of illumination on insecticide toxicity, additional toxicity tests were conducted with fenitrothion and imidacloprid in completely darkness. To overcome the problem of trapping larvae at the water surface under dark conditions, we filled test vessels with the test solution and covered the mouth of each with a glass slide to exclude air. We had already shown that larvae would not suffocate under that condition. In all acute toxicity tests, no bottom material or food was added to any of the test vessels. The test solution was not changed or aerated during the test.
All examinations were conducted in a room at constant temperature (20°C). At 48 hr after the start of exposure, the mobility of larvae was assessed under a stereomicroscope (10ϫ to 20ϫ magnification). A larva was defined as normal when it was swimming or crawling on the bottom. If a larva curled up or was inactive, it was also considered normal if it stretched its legs and abdomen shortly after the test solution was stirred gently with a glass pipette. The larva that did not exhibit the response could be equated as moribund on the basis of our temporal observations (data not shown). The pH and the dissolved oxygen concentration of the test solution were checked before and after each test using a pH meter (KS501, Shindengen Electric Mfg. Co. Ltd., Tokyo, Japan) and the FOXY fiber optic oxygen sensor (USB-LS-450, Ocean Optics Inc., Dunedin, FL, USA). In the present study, we did not measure the concentration of insecticide in the test solutions. Thus, the 48-hr EC 50 value was calculated on the basis of nominal concentrations using a logit model in the PROC PROBIT procedure of version 9.13 of SAS software. 15) To evaluate the reproducibility of this test method, toxicity tests for the organophosphate fenitrothion were replicated 6 times using newly hatched larvae from different egg masses in F 10 to F 12 generations.
Comparison of acute toxicity data with the results of other aquatic invertebrates
To confirm the validity of using C. brevilineata as a surrogate species to assess the impact of insecticides on lotic ecosystems, we compared our acute toxicity data with those obtained using standard test species, daphnids, and other aquatic insects. Toxicity data for daphnids are shown in Table 1 . These toxicity data were preferentially cited from The Pesticide Manual 16) and Noyaku Handbook 2005, 17) which contain the toxicity data required for the official registration of pesticides. In cases where toxicity data of a certain insecticide was not available in the references, we quoted it from the Office of Pesticide Program Pesticide Ecotoxicity Database 18) or Kikuchi et al. 19) If several toxicity data for the same insecticide existed in the database, we selected data obtained under the condition closest to our test condition. Acute toxicity data for other aquatic insects were extracted from the US Environmental Protection Agency's AQUIRE aquatic toxicology database.
20)
These data were restricted to 48-hr LC 50 values from laboratory tests. Extreme values were checked against the original literature and data that did not clearly report the test conditions were rejected from subsequent data analysis.
To compare the sensitivity of the caddisfly and other organisms to an insecticide, we calculated the relative physiological tolerance (T rel ) of an insecticide as follows:
T rel ϭlog(acute toxicity i/EC 50 caddis ) where i is the species being compared with the caddisfly, and EC 50 caddis represents the EC 50 value of the caddisfly larvae in the present study. 21) When the T rel value of an insecticide is 0, the caddisfly and species i are equally sensitive to the insecticide. When T rel is negative, the caddisfly is more tolerant, and when it is positive, the caddisfly is more sensitive. Toxicity values with a 'greater than' sign were also used to calculate T rel values, except for tebufenozide.
In the comparison with daphnids, we used the KruskalWallis test followed by multiple-comparison Scheffe's test to analyze differences in T rel values among three groups of insecticides: acetylcholinesterase (AChE) inhibitors, nicotinic acetylcholine receptor (nAChR) agonists/antagonists, and "Others" (fipronil, pyrethroids, pymetrozine, buprofezin, and tebufenozide). The multiple-comparison test could not be carried out for other aquatic insects because of a lack of toxicity data for the group of nAChR agonists/antagonists in the AQUIRE database. Thus, in the comparison with other aquatic insects, T rel values were analyzed using a two-tailed chi-squared test with the null hypothesis that the caddisfly was randomly more or less sensitive than other insects. We used linear regression analysis to determine the relationship between the sensitivity of the caddisfly and the sensitivities of daphnids or other aquatic insects to given insecticides, using log-transformed acute toxicity data (i.e., EC 50 or LC 50 values). All statistical analyses were performed using version 9.13 of SAS software.
15)
Results
During 48-hr toxicity tests, the pH of the test solution remained nearly constant. The dissolved oxygen was still saturated at the end of the exposure, even when the mouth of the test vessel was covered by a glass slide (data not shown). Immobility of the control larvae was less than 5% (meanϮSE: 0.4%Ϯ1.46%).
Results of acute toxicity tests
The EC 50 value with 95% confidence limits (in parentheses) of fenitrothion was 7.03 (6.48-7.57) mg/l in the light and 6.61 (5.60-7.25) mg/l in the dark. Those of imidacloprid were 4.85 (4.58-5.06) and 5.24 (4.98-5.50) mg/l, respectively.
The fenitrothion concentration-response curves from six separate tests carried out in the light were similar (Fig. 1) . EC 50 values calculated from the curves ranged from 7.03 to 8.47 mg/l, and averaged 7.78Ϯ0.64 mg/l with a coefficient of variation of 8.2%.
The acute toxicity of the insecticides to the caddisfly varied by more than six orders of magnitude (Table 2) . Although some toxicity values overlapped among the groups of insecticides, the toxicity of these groups could be ranked in roughly the following order: pyrethroids and fipronilϾorganophos-phatesϾneonicotinoids and nereistoxinsϾcarbamatesϾinsect growth regulators (buprofezin and tebufenozide) and pymetrozine. The EC 50 value for tebufenozide could not be calculated because no toxic effect was observed even at the limit of water solubility of this pesticide (830 mg/l).
Comparison with daphnid sensitivity
The T rel values for each insecticide are shown in Table 2 . Caddisfly larvae were more sensitive than daphnids to 18 of the 29 insecticides for which an EC 50 value could be calcu-lated (T rel Ͼ0). In the group of nAChR agonists/antagonists (group 4), the T rel values were all positive and were significantly higher than in the AChE inhibitor and Other groups (PϽ0.05, Scheffé's test). The sensitivity of the caddisfly to dinotefuran was up to 100 000 times that of D. magna. With the exception of fipronil, the T rel values of the AChE inhibitor and Other groups ranged from -1 to 1. The sensitivities of the caddisfly and daphnids to insecticides were significantly correlated, except for nAChR agonists/antagonists: log(48-hr EC 50 daphnid )ϭ0.775 · log(48-hr EC 50 caddis )ϩ0.197 (R 2 ϭ0.620, PϽ0.0001).
Comparison with the sensitivity of other aquatic insects
We were able to compare the sensitivity of the caddisfly to 15 of the insecticides tested in the present study with the corresponding results for 66 genera of aquatic insects, both target and non-target, in 8 orders, including the Odonata, Ephemeroptera, Plecoptera, Trichoptera, and Diptera (Fig. 2) . These insects inhabit lentic or lotic environments, or both. The caddisfly was more sensitive than other aquatic insects in 86% (388/451) of the comparisons (PϽ0.0001, chi-squared test) with both target and non-target insects (Fig. 2 ). There was a slight but significant correlation for the whole dataset (R 2 ϭ0.207, PϽ0.001).
Discussion
The endpoint used in the present study shows that our method could effectively assess the acute toxicity of a range of insecticides with different modes of action. The illumination in the bioassay did not greatly affect the acute toxicity results for fenitrothion and imidacloprid. The same results have been reported from acute toxicity tests using imidacloprid and four species of crustaceans. 22) The method of bioassay conducted under dark conditions in this study seems to be more useful because it can be applied under various photoperiodic conditions while overcoming the problem of trapping larvae at the water surface. The concentration-response curve for the response of C. brevilineata to fenitrothion was highly reproducible among the six separate experiments. These results demonstrate that the bioassay developed in the present study is a useful and reliable way to predict the effect of a range of insecticides on lotic insects.
Concentration of insecticide can decrease during the 48-hr exposure period because of hydrolysis, photolysis, and adsorption of insecticide to the test vessel. The loss of insecticide from the test solution by adsorption will also vary depending on vessel materials (e.g., glass or polystyrene). The EC 50 value should be calculated on the basis of measured concentrations. In the present study, however, we did not measure the concentration of insecticide in the test solutions. The 48-hr EC 50 values of C. brevilineata may be lower than those reported here, especially in the case of hydrolyzable, photodegradable, or hydrophobic insecticides. To reduce the uncertainty of results in the present study, therefore, it is necessary to carry out further bioassays with chemical analyses of the test solutions.
First-instar larvae of C. brevilineata were generally at least as sensitive as daphnids to insecticides. Caddisfly larvae were significantly more sensitive to nAChR agonists/antagonists (PϽ0.05), and especially the neonicotinoids. Because one of our goals was to determine whether C. brevilineata was sufficiently representative of other organisms to serve as a useful bioassay system, the question arises as to whether the sensitivities to neonicotinoids observed in this study resembled the sensitivities of many other aquatic invertebrates in previous studies. The effect of one neonicotinoid (imidacloprid) on aquatic invertebrates has drawn the attention of several researchers. [23] [24] [25] [26] [27] Data on the toxicity of this insecticide to arthropods has been available for several years (Fig. 3) . The Branchiopoda (e.g., Chydorus, Daphnia, and Artemia species) appears to be the least sensitive taxon to imidacloprid. On the other hand, C. brevilineata is one of the most sensitive organisms and is more similar than D. magna to other insects in its response. The criterion for a test species to be used in lowertier single-species laboratory tests is that its response to a chemical should correspond to those of a larger array of organisms in natural systems. 28) Although daphnids are commonly used as the standard test species in such tests, the re- sponse of at least one species (D. magna) to neonicotinoids clearly does not correspond to those of other aquatic insects. These results suggest that C. brevilineata is a more suitable test species to assess the effect of neonicotinoids on lotic and lentic insects. There was a weak positive correlation between toxicity data for C. brevilineata and those of other insects, regardless of whether they were target or non-target insects (Fig. 2) . The data extracted from the AQUIRE database consisted of results from laboratory experiments under a range of test conditions. Acute toxicity values might depend on the test conditions, such as the material type of the insecticide (e.g., active ingredient or formulation) 29) , the insect's growth stage, 30) and the sampling site [31] [32] [33] where test animals were collected. Owing to wide differences in test conditions between our study and previous studies, careful comparison of sensitivities is needed. Moreover, interspecific differences of sensitivity should be considered in the comparison. Many researchers reported the large difference of insecticide sensitivity within and among orders of insects. [34] [35] [36] [37] [38] Ali and Mulla 35) conducted acute toxicity tests of fenthion using fourth-instar larvae of three dipteran genera collected from the same site and indicated that the sensitivity of Chironomus utahensis was 18 to 47 times lower than those of two other genera. Up to 31ϫdiffer-ence in malathon sensitivity was observed among three species belonging to Odonata, Hemiptera, and Coleoptera. 34) The weak correlation that we found appears to be attributable to differences in test conditions and intrinsic sensitivity among insect species. Because of limited information about chemical purity, growth stage, and insect origin in the AQUIRE database, we could not perform a further detailed comparison study. Despite those problems, the first-instar larvae of C. brevilineata that we tested generally appear to be more sensitive to at least 15 insecticides than those of other aquatic insects.
We also compared the sensitivity of C. brevilineata and that of other caddisflies not contained in the AQUIRE database. Several researchers carried out acute toxicity tests using larvae of caddisflies at different larval stages under static conditions (20°C). The 48-hr LC 50 or EC 50 values of some AChE inhibitors for Hydropsyche angustipennis (first-and fifth-instar larvae), 30) Nothopsyche ruficollis (1-day to 50-day-old larvae), 7) Goera japonica (fifth-instar larvae), 39) and Neophylax sp. NA (third-to fifth-instar larvae) 39) were available for calculating of T rel values. The differences of sensitivity were found to be within one order of magnitude during larval growth in each species. 7, 30, 39) The T rel values ranged from -1.1 to 1.3, suggesting that sensitivity to those AChE inhibitors did not vary greatly among these species, regardless of their larval stage. These results indicate that the insecticide-sensitive strain of C. brevilineata used in the present study is a suitable surrogate for trichopteran insects. Further research, however, will be needed to demonstrate whether the caddisfly is an appropriate surrogate test species for other lotic insects.
In the present study, we developed a reliable acute toxicity bioassay using first-instar larvae of C. brevilineata that could be used to assess the impact of insecticides on aquatic insects in lotic ecosystems. We then assessed the sensitivity of the caddisfly to 30 insecticides. We found that it was at least as sensitive as daphnids and other aquatic insects to these insecticides. The caddisfly thus appears to be a valid additional surrogate test species for aquatic insects. In particular, the caddisfly will be valuable for assessing the ecological impacts of chemicals such as nAChR agonists/antagonists, whose impact on aquatic invertebrates is prone to underestimation by the daphnid bioassay. Boxall et al. 40) noted that laboratory bioassays using additional test species can provide important information for constructing species-sensitivity distributions in probabilistic risk assessments, which have drawn increasing attention recently. 41) This new bioassay can be for probabilis- 24) A. aegypti, 24) C. vidua, 22) I. dentifera, 22) C. seurati 22) , C. sphaericus, 22) and Artemia sp. 24) tic risk assessments for lotic ecosystems.
